In this paper, we probe nanotechnology research and commercialization at a regional level. The study identifies leading US and European prototype "nanodistricts" or metropolitan areas active in nanotechnology research over the 1990-2006 timeframe. We explore the factors underlying the emergence of these metropolitan areas through exploratory cluster analysis. We find that while most of the leading nanodistricts are found in locations that were prominent in previous rounds of emerging technologies, new geographic concentrations of nanotechnology research have also surfaced.
1.
Introduction.
Nanotechnology, which involves manipulating molecular-sized materials to create new products and process with novel features due to nanoscale properties, is widely anticipated as one of the next drivers of technology-based business and economic growth (Lux Research, 2006) .
It has been suggested that nanotechnology is a general purpose technology with potentially broad implications in redefining products, industries, and skills . However, although the economic and societal effects of the application of nanotechnology are likely to be widespread, this does not mean that the benefits (and also the risks) will be distributed evenly (see, for example, Invernizzi et al., 2007) .
In this paper, we focus on one aspect of the distributional implications of nanotechnology -namely, the distribution of nanotechnology development at the regional location level. The dynamic regional clusters of research institutions and firms where nanotechnologies are emerging have been denoted as "nanodistricts" (Mangematin, et al., 2005) . Nanotechnology applications -be they in industrial products, consumer goods, medicine, or the environmental and energy sectors -will surely be deployed widely over time and space. But we may expect a smaller number of nanodistrict locations to appear where nanotechnology research, development and initial commercialization are clustered together. Support for this proposition can be found in studies of prior rounds of new technology development in the US, for example in microelectronics (Saxenian, 1994) and biotechnology (Cortright and Meyer, 2002) . In these respective fields, just a handful of US cities have materialized as first-tier leaders, followed by a larger group of second-tier locations which are smaller in scale, often more specialized, and less dynamic in private-sector innovation even though R&D itself can be strong.
Probing where new nanotechnology districts will emerge is important for several reasons.
Policymakers in many countries are investing significant amounts of R&D funding into nanotechnology domains, including in the US (where the multi-agency National Nanotechnology
Initiative has annual budget of about $1.5 billion), as well as in Europe, Japan and China (Lux Research, 2006) . Among other objectives, these policymakers anticipate that their nanotechnology R&D investments will lead to commercialization and new nanotechnology enterprise development. Regional policymakers (including in at least 30 US states) are providing additional funds and policy support for nanotechnology centers and programs within their jurisdictions. From both national and regional policy perspectives, it is helpful to benchmark where and how new regional nanodistricts are developing (as well as where they are not) and to feed such insights back into the policy development process. Moreover, and perhaps more subtly, there is an argument that the characteristics of a region influence the ways in which a new technology develops and is commercialized. For instance, Saxenian (1994) observes that the flat corporate structures and flexible innovation culture found in Northern California's Silicon Valley stimulated a decentralized and open approach to microcomputer development that proved to be successful in the marketplace. If this observation holds true for other fields, then knowing the characteristics of the leading regional nanodistricts (which first requires identifying where those districts are) could be helpful in the anticipatory governance of nanotechnology (Fisher et al, 2008 ) and the development of policies to ensure that nanotechnology meets desired societal goals. In short, the spatial distribution of locations for new technology has implications for the concentration of future business and economic opportunities. It may also influence the nature of commercialization and the management of risks for new technology development.
In exploring where nanotechnology development is taking place -and how it is occurring -we need to keep in mind that the cycle for nanotechnology emergence is still at an early stage.
Four generations of nanotechnology development have been posited by Roco (2004) Technologies, 2008), these are primarily "nano-enabled" products where companies have made incremental improvements to existing products (for example, by using sub-100 nanometer semiconductor chips or introducing nanoparticles into creams and cleaning liquids to claims of enhanced performance). As yet, nanotechnology devices or systems with fundamentally different functions and properties have been envisioned but are nowhere near commercialization. There has been a noticeable growth in nanotechnology patenting (Huang, et al., 2003; Porter et al., 2007) , as well as growth in new nanotechnology startup enterprises with over 230 such ventures identified in the U.S. (Wang, 2008) . Nonetheless, at this point, most activity in nanotechnology remains at the phase of research and development, both in public institutions and private companies.
Additionally, we need to note the multi-disciplinary and multi-sectoral nature of nanotechnology. The domain of nanotechnology encompasses multiple knowledge fields, including those of engineering, biology, chemistry, materials science and computing (Rocco and Bainbridge, 2003; Nordmann, 2004) . The applications of nanotechnology are also diverse, ranging from uses in resource and materials industries, consumer products, electronics, energy, environmental control, medicine, and aerospace, with many opportunities for convergence such as in nano-biotechnology or nano-medicine. Indeed, corporate publications and patents in nanotechnology are found not only spread over a large number of fields, but are also undertaken -6 -by firms both of large and small size (Avenel, 2007) . Thus, comparisons can and should be made with innovative regional clusters that have developed in prior rounds of technological development (such as in electronics and biotechnology), and it is likely that there will be relationships and path-dependencies between these existing innovation clusters and the formation of nanodistricts. Yet, given the diversity of nanotechnology, it is plausible to expect that nanodistricts will also appear in new locations. Moreover, new nanodistricts might involve a wider range of industries and firm types (e.g. incumbents and new entrants as well as large and small firms) than seen in prior rounds of technology development (Bozeman, et al., 2007) .
Of course, it is still premature in the cycle of development of nanotechnology to fully confirm where all nanodistricts will appear and how they will be constructed. However, we
propose that we can identify prototypes of emerging nanodistricts. It is possible to make out locations at the sub-national level where nanotechnology R&D activity is concentrating -this is important, since nanotechnology depends upon research infrastructure and equipment, scientific and technical human capital resources, the creation and acquisition of knowledge, and the development of tools and techniques which can understand and manipulate materials, devices and systems at the molecular scale. If we able to characterize this R&D (for example, by scale and scope, sub-fields, organizational actors, collaborative relationships) and relate this to characteristics of innovation, we should be able not only to discover where likely nanodistricts are developing, but also understand sufficient characteristics of those areas to classify them. This will help us to understand the spatial distribution of nanotechnology clusters, including whether they are tightly concentrated (as in biotechnology) or more broadly distributed. Such analysis will also shed light on questions about the diversity of nanodistrict formation and possible trajectories of their future development.
Conceptualizing Nanodistrict Formation
In an earlier paper, which explored the emergence of nanotechnology clusters at the metropolitan level in the US, we discussed a series of concepts useful in characterizing prototypical nanodistricts, drawing on insights from the literature on new technologies and regional development (Shapira and Youtie, 2008) . That paper reviewed the debate about unevenness, path dependency in regional technology development (Fuchs and Shapira, 2005) and considered its extension to questions about whether areas are able to leverage their capabilities in prior rounds into an early entry into nanotechnology. (Zucker and Darby 2007) .
However, fresh rounds of technology development invariably offer hope not only for new places to develop but also to combine locational and technological characteristics to pursue innovative applications and strategies. If nanotechnology is a general purpose technology with wide impacts across the economy then there may be the potential for new geographic concentrations of nanotechnology research, eventual applications, and risks. One factor in the spread of nanotechnology R&D into new regions might be investment in organizational capabilities. A region may invest in large research facilities such as particle scattering facilities, specialized clean rooms, and nanotechnology scoping and lithography equipment (Mangematin 2006) . Alternatively, a region may focus its investments on a key "anchor tenant" -typically a university -by supporting the construction of new facilities or support for academic faculty to construct a center of excellence (Agrawal and Cochburn 2003) . Then again, a region may seek to develop multiple organizational nodes of nanotechnology research activity, hoping that exchange and diversity among these organizations will foster new knowledge breakthroughs and innovative combinations (Shapira, et al., 2003) .
Another avenue that a region aspiring to become a nanodistrict may take is to focus strategies on the development of human capital. Regions may seek to attract star scientists (Zucker et al, 1998) hoping that these scientists will spin-off startup firms and serve as a magnet for the location of R&D facilities or other outposts of larger more established firms. A further form of human capital investment involves the creation of networks of nanotechnology researchers. These networks may be intra-regional to link up and foster collaboration among scholars in different departments within a university or at different universities in the same city.
Or the networks may be external to the region -at national and international levels -establishing connections between nano scholars in leading global universities with those in regions with aspirations to succeed in nanotechnology but with less of a technology tradition (Bozeman and Rogers, 2002; Davenport and Daellenbach, 2006; Kay and Shapira 2008) .
These concepts offer us a set of propositions about the development and characteristics of prototypical nanodistricts. Thus, the possibilities are that nanotechnology will develop in locations that (1) are current leaders in high-technology innovation, building on their wellestablished stocks and flows of dynamic capabilities; (2) possess the organizational capital and resources associated with large-scale public or private research facilities; (3) develop or attract high-levels of scientific and technical human talent or star scientists; or (4) materialize as hubs in inter-regional networks of knowledge exchange and fusion in nanotechnology domains.
Importantly, these prototypes are not mutually exclusive -some or all may develop simultaneously. Other variations and combinations may also emerge. Additionally, we do not presume that each of these different types will follow the same developmental trajectory or converge to produce similar outcomes and impacts. However, we do suggest that this set of propositions about the ways and means through which nanodistricts may develop does at least offer us a starting framework for inquiry.
The aim of this research is to empirically investigate the characteristics of prototype nanodistricts in selected leading developed economies and their regional distribution. We probe whether the economic distribution of nanotechnology will be geographically similar to that of past technologies or if new geographic clusters of nanotechnology activity will appear.
Additionally, we also use the evidence gathered to conjecture about the possible trajectories of these prototypical nanodistricts -to contemplate the interrelationships between the foundations of the district and expectations about the prospective nature of innovation.
We explore these question in comparative perspective by investigating the development of nanodistricts in the US and Europe. In both the US and in Europe, there have been major public investments in nanotechnology research, there are well-developed science and innovation infrastructures, and each has deep pools of human capital, numerous large and small companies active in technology-oriented development, and innovative regional clusters. The US and Europe lead the global nanotechnology research enterprise in terms of publication quantity and quality, as measured by citation counts (Youtie et al., 2008 ). Yet there are also differences between the US and the multiple countries of Europe in terms of governance, research frameworks and funding, organizational landscapes, and even public attitudes towards nanotechnology (Kuhlmann and Shapira, 2006; Scheufele and Brossard, 2008) . Exploring the development of nanodistricts in both the US and Europe allows us to validate and learn through comparison, as well as offering landscapes to explore leading to variations in the types of nanodistricts that may appear.
The next section presents our data and methods. This is followed by a consideration of results and discussion of implications.
Data and Methods
In this section, we discuss our approach to exploring the development of prototypical nanodistricts in the US and Europe. In particular, we explain how we operationalize the concept of the nanodistrict. We then describe the empirical measures and indicators used to test theories and propositions about factors that influence the spatial development of new nanotechnologies.
As noted earlier, the nanodistrict concept designates a regional area where research institutions and firms active in developing nanotechnologies are located. Although there are different levels of spatial delineation that could be applied to this concept (including the level of the state, province, or city), we judge that the metropolitan level is the most apt level.
Metropolitan areas usually comprise several neighboring cities, often with a major core city, that function as an agglomerated unit in terms of labor market and commuting flows, transportation, local access to universities, research institutions, financial resources, and business support services, and localized knowledge exchange and spillover. (For discussions of the importance of metropolitan areas in high-technology research and innovation, see Harrison et al., 1996; Feldman and Audretsch, 1999; Acs, 2002.) We thus use the metropolitan area as the level of aggregation for searching for nanotechnology emergence.
As the key measure in identifying metropolitan areas prominent in nanotechnology, we use the performance of institutions and corporations in that area in nanotechnology publication. Statistics (NUTS) classification (which covers the European Union). We focused on the finelevel NUTS 3 unit, of which nearly 1100 have been defined among the 27 members countries of all they know, they do make some efforts at publishing or making conference presentations which can be interpreted as one of the signals of business entry into the nanotechnology field. An alternate measure would be to look at patenting. However, once we overcome some technical issues related to geographical allocation of European patenting, we seek (in an extension of this research) to use patenting to further measure the level of innovative activity in nanodistricts in the US and Europe. We have already undertaken analysis of the role of patenting in US nanodistricts (Shapira and Youtie, 2008 Table 1 ).
These methods yielded 30 US metropolitan areas with more than 1000 nano-related publications and 35 European metropolitan areas with more than 1400 nano-related publications (1990 through mid-2006) . The publication threshold level is based on judgment (the level could be set higher or lower). However, we sought a group of sufficient size with less heterogeneity than if we were to include the total population of all metropolitan areas with authors publishing on nanotechnology. Also we note that it is very time consuming to organize this data, particularly to code it geographically. For example, the top 30 metropolitan areas in the US accounted for nearly 90,000 nanotechnology publication records from 1990 to 2006, so the databases are quite large.
The final set of identified metropolitan areas for the US and Europe is listed in Table 2 and presented as maps in Figures 1 and 2 . The circles in the maps are situated at the centroid of the metropolis and their size is proportionately scaled to the total number of locally-authored
publications. The US map shows concentrations in recognized technology-leading regions --13 -California and the Northeast -but also in the rustbelt and sunbelt. Likewise the European map shows concentrations in expected locations in Western Europe but there is also representation in Russia, the Ukraine, and some parts of Eastern Europe.
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The next step in our method is to categorize these metropolitan areas active in nanotechnology research into prototypical nanodistricts. Drawing on the concepts of nanodistrict formation discussed in the previous section, we identified specific empirical measures that plausibly could be applied to test for the presence or level of a particular factor posited as important in the development of different types of nanodistricts. Table 3 lists these measures, relates them to conceptual factors identified in the literature, and presents summary descriptive statistics. Hence, concepts of path dependency -which suggest that nanodistricts will emerge in regions that already have strength gained through prior and current rounds of technological An examination of mean differences in these nanodistrict characteristics indicated that there were significant differences between metropolitan areas in the US and in Europe along many of these characteristics. Caution needs to be exercised in interpreting these differences, because definitional or technical factors may have an influence. For example, in measuring institutional diversity, there are standardized lists of universities and government laboratories for the US but it is hard to find similar standardized lists for the 35 European nanodistricts, so the higher institutional diversity measures for Europe may be a reflection of data cleaning issues. On the other hand, the percentage of highly cited publications, percentage of nanobio publications, and early time-period publications -significantly higher on average for US publications than European publications -are less subject to data errors and more representative of continental differences. In any case, we must treat these as separate population groups for further analysis.
We characterized our nanodistricts by classifying them based on the aforementioned attributes using hierarchical cluster analysis based on Ward's method using Euclidean squared distances and standardizing the nanodistrict attributes so they would receive equal weight in the analysis. After experimenting with multiple solutions using the US subset of the data, we settled on a 7-cluster solution as giving us sufficient variation while still being rather parsimonious in its representation of the data (Shapira and Youtie 2008) . We then applied a comparable 7-cluster solution to the European nanodistricts. The resulting dendogram looks similar to the one for the US except that it bifurcates into two groups in a more dramatic fashion.
Results

Tables 4 shows the membership of the top US and European nanodistricts in the clusters
under analysis. We interpreted the attributes of these clusters, and assigned names based on this interpretation, using the data in Table 5 Europe also have relatively higher percentage of early publications.
-16 -Areas led by government laboratories (GOV) comprise three US nanodistricts and six European nanodistricts. The GOV cluster is more important and includes more nanodistricts in Europe in part because of the number and diversity of public or quasi-public facilities including government-funded laboratories such as the Crolles 2 facility in Grenoble (France), but also well-established nonprofit organizations that undertake research, such as the Fraunhofer Society in Germany. Although GOV facilities in general are not at the very top of these 65 nanodistricts in terms of publications, they typically have higher organizational diversity often in partnership with a local university. They also are engaged in more co-authorships and more externallylocated authors, suggesting an important networking role that associates hard facilities investments with soft networking relationships.
The cluster analysis identifies one geographically-focused cluster in the US and one in Europe (GEOG). The GEOG-US cluster is centered in Southern California (comprising the metropolitan areas of Los Angeles and San Diego). This cluster has the highest percentage of recent publications with 25 or more citations, which is in keeping with the work of Zucker et al.
(1998) on star scientists in biotechnology (both San Diego and Los Angeles are strong in nanobiotechnology). This cluster also has a relatively high level of corporate publication activity. We also identify a geographically-focused cluster, GEOG-EUR, set in Eastern Europe (including Russia). The European geographical cluster comprises five nanodistricts in Eastern Europe:
Moscow, St. Petersburg, Kiev, Warsaw, and Prague. Moscow has the second highest number of publications among all 35 European nanodistricts. The Eastern European cluster is also characterized by a high percentage of publications authored by university scientists, just above the average for UNIV nanodistricts in Europe, a low rate of highly-cited articles, and a very low level of corporate nanotechnology research authorship.
-17 -
The cluster analysis had two groups of nanodistricts that were less distinguishable than were the aforementioned areas, which we call DIV and LENT. DIV is comprised of eight midrange diverse nanodistricts each in the US and Europe that have below average counts of publications (among the leading nanodistricts). However, these metropolitan areas have higher There is one cluster respectively in the US and in Europe that was an outlier or one-off model in the hierarchical analysis. In the US, New York had the highest number of publications and a significantly higher percentage of corporate-affiliated authors. Indeed, New York is particularly distinctive for the large role that corporations play in nanotechnology research outputs (it is home to IBM and other major corporate research facilities). In Europe, Madrid also had a high total number of publications -in the top 10 European nanodistricts -and had a 50-50 mix of publications from universities and government laboratories. However, unlike New York, Rhine Ruhr) and in New York. These metropolitan regions, which draw on significant previously-established and diverse research, human capital, financial, and reputational assets, look well-position to emerge as leaders in nanotechnology innovation. There is a second-tier group of mid-range diverse metropolitan areas in the US (9) and Europe (7) which also have relatively good corporate levels of activity and from which several may emerge as significant locations for nanotechnology innovation. Both in the US and in Europe, there is a set of active nanotechnology research locations -including university and government-lab dominated citieswhere single institutions dominate and corporate publication activity is lower. We would anticipate that in these locations, especially in university cities (such as Santa Barbara, Oxford, or Cambridge) or cities where universities dominate nanotechnology research (such as Manchester), there will be start-up activity and the formation of new nanotechnology enterprises.
This is probably also a reasonable expectation for the Southern California (SOCAL) nano-biotechnology cluster. However, at the other end of the scale, metropolitan areas such as Madrid or Moscow, which are large producers of nanotechnology publications but which lack corporate activity may find it more difficult to translate their research output into private-sector commercialized applications within in their region (some of these outputs may be applied elsewhere).
Conclusions
This analysis has shown that publications can be aggregated at the metropolitan area to produce nanodistricts. One limitation is the lack of a standard definition of metropolitan areas in
Europe. In addition, while we would also wish to present data on patenting, our database of For both the US and the EU, we find that there is strong evidence of path dependency.
The same (TLEAD, GEOG-US) cities that are in leading positions in prior rounds of technology, especially in biotechnology, are (for the US metropolises) also in the lead in terms of number of patents in nanotechnology (see Shapira and Youtie, 2008) . The authors located in these districts were early researchers into the field of nanotechnology, which further enabled their ability to maintain a leading position. They also had a diversity of institutional participants including corporate publication activity. Moreover, they have a relatively higher percentage of publications in nano-biotechnology.
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While we found that path dependency was prominent in nanotechnology, we also found that there were some new geographical areas that were not in a leading position in biotechnology or other prior technologies. These nanodistrict prototypes can be found in GOV, UNIV, LENT, and DIV clusters. The importance of anchoring publication activity around a single university or an investment in government facilities played a major role in moving the nanodistricts in these clusters into their current position.
On the whole, we found that organizational strategies were most important in distinguishing nanodistricts. That is not to say that human capital investments are unimportant.
Rather almost all the nanodistricts in this study have similar levels of highly cited research and relationships with authors outside of the metropolitan area. However, organizational strategies were more diverse among those nanodistricts with the very highest number of publications, whereas they were more monocentric in the GOV, UNIV, and LENT regions. It could be concluded that monocentric organizational approaches work well for nontraditional technology regions in the near-term. However, broadening and strengthening organizational capital (as well as human capital) and ties to commercial applications and demand will be important in the longterm.
What lessons can US nanodistricts learn from those in Europe and vice versa? The US can learn from the diversity and strength of government laboratories and the links of these laboratories to other organizational participants, including corporations. For example, the 5 One might suggest that this biotechnology relationship might stem from an overly broad definition of nanotechnology that includes too much biotechnology. This was a concern of Porter et al (2007) as we developed the initial database. A panel of 19 nanoscientists was surveyed to guide the bibliometric definition used herein. One result was the use of terms such as DNA and RNA to delineate our definition of nanotechnology from that of biotechnology.
-21 -Crolles2 facility in Grenoble has alliances with multiple large and strong high tech companies including STMicroelectronics, Philips and Freescale. Oak Ridge National Laboratory also has excellent user facilities and some corporate participation, but not to the level of the Grenoble laboratory. In addition, Europe has a diversity of important private non-profit organizations that serve in a public-like laboratory role, which the US does not have. In contrast, US nanodistricts offer European nanodistricts lessons in greater importance of corporate-generated research, highly involved universities, and highly cited research. Regions, 1990 Regions, -2006 
